Abstract: An MPD thruster formulation involving coupled aerothermodynamic-electromagnetic equations and including viscous effects is developed and solved. The effect of various input parameters on the radial current density distribution at the longitudinal cathode surface is studied. In general, radial current concentrations are found at the upstream and downstream ends of the cathode. The upstream current concentration is larger in magnitude and is attributed to large values of the Hall parameter. Higher inlet velocities and densities, lower inlet temperatures and propellants of lower molecular weight, all reduce the upstream current concentration. The downstream current concentration is attributed to large values of the inlet velocity.
Introduction
The magnetoplasmadynamic (MPD) thruster is an electric propulsion device with potential for application in space missions requiring high specific impulse. A typical thruster geometry is shown in Fig. 1 . Propellant is injected through inlet slots in the dielectric on the left and is accelerated in the thruster, predominantly by means of the electromagnetic J x B body force. B is selfinduced by J in the MPD thruster. The study of radial current density distribution on the longitudinal cathode surface is important because a relatively uniform current density distribution suppresses Joule heating loss, improves thrust efficiency and reduces cathode erosion [l]. In previous work, the author has studied the effect of plasma temperature on the current density profile [2] , studied the electromagnetic force density distribution [3] , and studied the phenomena of onset [4] . In the above References the aerothermodynamic field was assumed known and the electromagnetic equations were solved to obtain results.
In this paper a major generalisation of the above procedure is brought about by simultaneous solution of the coupled aerothermodynamicelectromagnetic equations.
Problem geometry. governing equations,
The problem geometry is illustrated in Fig. 1 . The details of the electromagnetic equations used and associated boundary conditions are given in Reference 2. The aerothermodynamic equations considered are the axial momentum equation, the radial momentum equation, the continuity equation and the state equation. at Z = 0, rl < r < r2
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avz-0 at z = C, 0 < r < r3 az where p = plasma density, V. = plasma axial velocity, Z = axial co-ordinate, P = pressure, J , = radial current density, Be = azimuthal magnetic induction field, p = plasma viscosity, r = radial co-ordinate. The first condition follows from the inclusion of viscosity in eqn 1. The inlet velocity F, will have a profile between rl and r2 but here it is assumed constant. The last condition is based on the assumption that propellant acceleration is very small at the exit. The developed solution software, however, permits arbitrary profiles of Vh and the replacement of the third condition by any other more realistic assumption. Continuity subject to p = specified inlet value (pi,,)
Radial momentum
where Ro = universal gas constant, T = temperature and W = propellant molecular weight. The solution software requires values of viscosity p at each of the grid points. In general, the viscosity is dependent on the species and any two thermodynamic variables, e.g., p = p (species, temperature, density). The author was not able to obtain the above data at the temperatures and densities under consideration. Furthermore, it was thought unwise to attempt a solution of the most general case. Consequently, viscosity is considered as an independent parameter which is assigned a constant value at all grid points without regard to the temperature, density and species. To this extent the solutions obtained do not depict real gas effects. However, the main effect of viscosity in this problem is to slow down the flow and it can be expected that the results obtained would be qualitatively valid.
There is an important respect in which the present work differs from that of Reference 2. Reference 2 uses density independent electrical conductivity data. The present work obtains density as part of the solution and there are many grid points where the density is very low. At these points the electrical conductivity cannot be independent of density. Electrical conductivity at these points is scaled down using the relation u/ao = p / p o where uo and p o are the electrical conductivity and density, respectively, corresponding to the point when electrical conductivity first becomes density dependent. This is consistent with the theory in Reference 6 and is important in understanding and interpreting the results.
Eqns. 1-4 of this paper plus the eqns. 1-8 of Reference 2 were solved simultaneously by repeated iteration of all the equation solver subroutines starting with initial approximations for all variables. Since the equations constitute an elliptic system, the method of solution used was virtually identical to that of Reference 7. Details of the grid employed are given in Reference 4. Convergence is dependent on the initial approximations used and often extensive trial and error is needed to obtain solutions. Typically the time taken to solve the system of equations to generate one data point was about two to three hours using the 80386-80387 PC AT. The results are accurate to at least two decimal places and, at most points, up to three decimal places. This has been checked by imposing different values for the magnitude of the maximum error permissible at each grid point. Input parameters required in the solutions along with typical values and the range of variations are listed in Table 1 . In the results described below, all input parameters have typical values unless they are being varied. 
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Results
The effect of various parameters on the radial current density distribution at the longitudinal cathode surface is considered below
Effects of propellant choice
The effect of propellant choice on the radial current density distribution at the longitudinal cathode surface is shown in Fig. 2 . It is clear from Fig. 2 that the upstream current concentration is caused by large values of the Hall parameter. In the present case, since inlet density, temperature, and degree of ionisation are identical for both the propellants, the Hall parameter becomes proportional to molecular weight. This results in a larger upstream current concentration in the case of argon as compared to hydrogen.
Effect of inlet velocity V,,
The effect of inlet velocity on the radial current density distribution at the longitudinal cathode surface is shown in Fig. 3 . Increasing inlet velocity reduces the upstream current concentration and also causes a current concentration at the downstream end. Over much of the cathode surface the radial current density magnitudes increase significantly due to larger plasma densities caused by the increased mass flow rates.
Effect of inlet density p,,
The effect of inlet density on the radial current density distribution at the longitudinal cathode surface is shown in Fig. 4 . Increasing inlet density reduces the upstream current concentration by reducing the Hall parameter. Effect of inlet wlocity on radial current density distribution at 
Effect of inlet density on radial current density distribution at
Radial current density magnitudes increase over the rest of the cathode surface but the effect is not as pronounced as an increase in the inlet velocity.
Effect of plasma temperature T
The effect of temperature on the radial current density distribution at the longitudinal cathode surface is shown in Fig. 5 . Reduced temperatures lead to a drastic reduction in the upstream current concentration. This is because the Hall parameter is proportional to P5. Over the rest of the cathode reduced temperatures lead to a reduction in radial current magnitudes due to lowered electrical conductivities at the lower temperatures.
Effect of viscosity
The effect of viscosity on the radial current density distribution at the longitudinal cathode surface is shown in Fig. 6 . Increased viscosities lead to lower plasma velocities and consequently increased plasma densities, resulting in increased current density magnitudes. Increased viscosities lead to an increase in both the upstream and downstream current concentrations.
The above results are important in that they identify the parameters causing the upstream and downstream current density concentrations and also show the effect of the various parameters on the current density over the rest of the cathode longitudinal surface. The results therefore provide qualitative rules which can be used in a practical thruster to reduce upstream and downstream current density concentrations and to uniformly increase current density over the cathode surface so as to bring about better thruster performance. Effect of temperature on radio1 cwent density distribufion at 
